The British moth Eana incanana (Tortricidae) has been found to selectively metabolize the glycosidase inhibitor 2R, 3R, 4R, 5R-2,5-dihydroxymethyl-3,4-dihydroxypyrrolidine (DMDP), whereas it excretes related alkaloids from Hyacinthoides non-scripta (Hyacinthaceae). Very few native animals feed on H. non-scripta, but the larvae of E. incanana are specialized herbivores feeding just on the buds and flowers destroying the ovary. DMDP is the major glucosidase inhibitor of H. nonscripta and the moth may overcome inhibition of digestive glucosidases by metabolizing the DMDP. The glucosidase enzymes of the caterpillar are inhibited by DMDP. The caterpillar excretes the other glycosidase inhibitors produced by this plant and the frass has increased concentrations of these alkaloids.
The sequestration or excretion of plant secondary compounds by insects often indicates which components of plants have strong biological activity, since they usually either store them for their own defense or excrete them rapidly [1] . Hyacinthoides non-scripta, (Hyacinthaceae), the English bluebell, is known to be toxic to livestock and is not eaten by any native mammals with the possible exception of badgers, which dig up the bulbs (Miriam Rothschild, personal comm.). The avoidance of the bluebell is remarkable given that it forms carpets of green leaves and blue flowers in woods in early spring, when little else is growing. In 1997, we reported for the first time that the plant contained glycosidase inhibiting pyrrolidine alkaloids, such as DMDP (1) and homoDMDP (2) [2] , and later we also found new pyrrolizidine alkaloids, as glycosidase inhibitors, from this plant [3] . Glycosidase-inhibiting alkaloids arouse a lot of interest for potential therapeutic applications including diabetes, viral infections and anti-cancer uses [4] . The specificity of glycosidase inhibition is very important for their potential applications. We knew that the profile of the seed pods differed from the rest of the plant, with more pyrrolizidine alkaloids being present. We were, therefore, interested in a little known, small moth Eana incanana (Tortricidae) that was found to feed exclusively on bluebell flowers to discover if it sequestered a specific selection of the range of glycosidase inhibitors present in the plant.
Plant and insect material
Hyacinthoides non-scripta (L.) Chouard ex Rothm. and the caterpillars of E. incanana Stephens were collected from Madingley Wood, Cambridge in April 1997. The caterpillars were then reared to adults in the laboratory. The caterpillars have a characteristic yellow frass that was collected. Moths, frass and bluebell petals and ovaries were frozen and freeze dried before extraction. Voucher specimens of the plants are held at the Herbarium of the Institute of Grassland and Environmental Research (Nash 199709) . Voucher specimens of the moths are held at the Department of Zoology at Cambridge (Corbet 1997).
Moths were reared on bluebells and analyzed for alkaloids once they had emerged from the pupal cocoon. The bluebell flower petals and ovaries contained DMDP (1) as the major alkaloid. The adult moths (both males and females) contained no detectable alkaloids. The frass excreted by the caterpillars contained DMDP as a minor alkaloid with the other related alkaloids such as homoDMDP (2) and its glycosides (such as 3) as more major components. Pyrrolizidine alkaloids related to hyacinthacine C 1 were much more obvious in the frass than in the plant. The conclusion to this result is that E. incanana can metabolize DMDP, but does not metabolize the other alkaloids, at least not to the same extent. Presumably reducing the amount of the major glucosidase-inhibiting alkaloid DMDP through degrading it may allow this moth to derive more nutritional value from the food plant. The gut glucosidase activity of E. incanana was inhibited by DMDP suggesting that the resistance of E. incanana to inhibition of glucosidases by DMDP in bluebell is via degradation. The beetle Ctenocolum (Bruchidae) that feeds on seeds of Lonchocarpus-containing DMDP has glucosidases resistant to inhibition by DMDP [1] . Other moths, such as Urania species, have been reported to sequester DMDP [1] .
The excretion of the alkaloids other than DMDP by the caterpillar suggests that it cannot easily metabolize these alkaloids. DMDP is by far the most common glucosidase-inhibiting alkaloid of plants and has also been shown to be produced by bacteria [4] .
The ability of an insect to degrade this compound is, therefore, not surprising since it will have been encountered by insects in potential food plants over millions of years. It is interesting to note that another common tortricid moth in the UK, Hyesterophora maculosana, also feeds on bluebell flowers; presumably this moth will also be able to metabolize DMDP. The alkaloids excreted by E. incanana are structurally more complex than DMDP and perhaps these are less easily degraded. The presence of a tentatively identified novel hexahydroxypyrrolizidine alkaloid in bluebell was obvious from the insect frass in which it was concentrated.
GC-MS data:
The polyhydroxylated alkaloids, as tms derivatives, have good resolution and give characteristic mass spectral fragmentation patterns, as shown for DMDP (1) at 5.9 minutes (Figure 1 ). HomoDMDP (2) at 8.7 minutes gives a characteristic ion at 538 amu, in addition to the 258 and 248 of DMDP. There are two homoDMDP glycosides (the 7-O-apioside (3) and a xyloside), which have long retention times (16 and 17 minutes, respectively), which show similar fragmentation to homoDMDP, with the sugar not being observed. Two tetrahydroxypyrrolizidine alkaloids (hyacinthacine B 1 and hyacinthacine B 2 ) co-elute at 8.4 minutes, with characteristic ions at 388 amu, and hyacinthacine C 1 (4) eluted at 11.5 minutes with a characteristic fragment at 476 amu. A novel compound (retention time 12.27 minutes), tentatively identified as hexahydroxy-pyrrolizidine by fragments at 476 and 565 (one additional O-tms on 476 amu), was very minor in the plant, but was more major in the frass. Table 1 shows the relative peak areas of the groups of alkaloids found in the food plant and the frass excreted by the caterpillars.
Experimental
The moths, frass and plant material were homogenized and extracted in 50% aqueous ethanol for 15 h. The extracts were filtered and run through strongly acidic cation exchange resin (IR120, Merck, H + form) and the alkaloids displaced by 2M ammonia solution, after washing the resin with water. The alkaloid fractions were dried and weighed. GC-MS was conducted on 1 mg samples of each cation exchange bound sample using 200 μL of Sigma Sil A reagent to produce O-trimethylsily-derivatives (tms). Samples were heated at 60°C for 15 minutes and then left at room temperature for at least 60 min. Insoluble reaction products were sedimented by centrifugation, and the supernatant was transferred to fresh vials, using a syringe. The GC column was a high polarity fused-silica column (Varian 'Factor Four' VF-5ms column, 25 m x 0.25 mm i.d., 0.25 μm phase thickness). The carrier gas (helium) flow rate was 1 mL min -1 . Tms derivatives were separated using a temperature program that started at 160°C for 5 min, followed by a linear increase to 300°C at a rate of 10°C min -1 . The temperature was held at 300°C for an additional 10 min; the total analysis time was 29 min. EI MS of the column eluant was carried out using a Perkin Elmer TurboMass Gold mass spectrometer, with a quadrupole ion filter system, which was run at 250°C constantly during analysis. The detector mass range was set to 100 to 650 amu. The temperature of the transfer line (GC to MS) was held at 250°C. Samples were injected onto the column via a split vent (split ratio 50:1) through a fused silica narrow bore injection liner packed with deactivated quartz wool; the injection port temperature was maintained at 200°C. The injection volume was 1 μL. System control, data collection and mass spectral analysis was carried out using Perkin Elmer TurboMass software (TurboMass v. 4.4). All compounds, except for the new pyrrolizidine alkaloid, were identified by GC-MS through comparison with authentic standards.
α-Glucosidase assays:
Sigma α-glucosidase (G5003, from Saccharomyces cerevisiae) at 2 units/mL in phosphate buffer, pH 6.0. Sigma p-nitrophenyl-α-Dglucopyranoside, 5 mM in phosphate buffer, pH 6.0. The assay was carried out at 20°C using 10 μL enzyme solution, 10 μL test compound (DMDP at both 0.5 mg/mL and 0.05 mg/mL or buffer as control), and 50 μL substrate solution. The reaction was carried out for 7 minutes; color formation was measured at 415 nm following the addition of 80 μL 0.4 M glycine solution, pH 10.4, to stop the reaction [2] . The glucosidase activity of the guts of caterpillars of E. incanana was measured by substituting 10 μL of homogenate in water for the enzyme solution in the above reaction mixtures. The guts had been dissected from the caterpillars and cleaned of residual food prior to homogenizing.
